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Abstract: Miniscrews have gained recent popularity as temporary anchorage devices in orthodontic
treatments, where failure due to sinus perforations or damage to the neighboring roots have increased.
Issues regarding miniscrews in insufficient interradicular space must also be resolved. This study
aimed to evaluate the primary stability of miniscrews shorter than 6 mm and their feasibility in
artificial bone with densities of 30, 40, and 50 pounds per cubic foot (pcf). The primary stability
was evaluated by adjusting the intrabony miniscrew length, based on several physical properties:
maximum insertion torque (MIT), maximum removal torque (MRT), removal angular momentum
(RAM), horizontal resistance, and micromotion. The MIT and micromotion results demonstrated
that the intrabony length of a miniscrew significantly affected its stability in low-density cortical
bone, unlike cases with a higher cortical bone density (p < 0.05). The horizontal resistance, MRT,
and RAM were affected by the intrabony length, regardless of the bone density (p < 0.05). Thus,
the primary stability of miniscrews was affected by both the cortical bone density and intrabony
length. The effect of the intrabony length was more significant in low-density cortical bone, where the
implantation depth increased as more energy was required to remove the miniscrew. This facilitated
higher resistance and a lower risk of falling out.

Keywords: miniscrews; miniscrew length; primary stability; intrabony length; removal angular
momentum; cortical bone density

1. Introduction

In recent years, miniscrews have been widely adopted by orthodontists as temporary anchorage
devices due to their small size and minimal surgical intervention. Miniscrews can be implanted in
different areas of the alveolar bone, which provides a broad range of options in orthodontic treatments.
Furthermore, miniscrews have lower requirements for patient compliance and lead to less discomfort
than traditional anchorage devices [1]. However, the most recent meta-analyses indicate that the
miniscrews used in clinical treatment have a failure rate of 13.5 to 14% [2–4]. Primary stability is one of the
critical properties affecting the success rate of miniscrews and is related to several factors, including the
geometric design of miniscrews, condition of the host, operation techniques, and inflammation of
the surrounding tissues [5]. A larger bone–implant interface area can be obtained by increasing the
length and diameter of the miniscrew, thereby improving the primary stability. However, the pressure
caused by high torque on the adjoining tissues can lead to necrosis of the surrounding bone [6,7].
Furthermore, long miniscrews may cause bicortical sinus perforations or damage to the neighboring
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roots [8]. Several host factors may also affect treatment success, where insufficient interradicular
space is one of the main difficulties in miniscrew implantation. Specifically, inadequate support
from the bone surrounding the miniscrews can compromise the stability of the miniscrew. Moreover,
movement of the miniscrew during the treatment and contact with the roots can lead to miniscrew
failure or even root damage [9]. The latter may be avoided by reducing the size of the miniscrew,
but sufficient primary stability must be maintained. Different areas of the alveolar bone provide
different spaces for the implantation of miniscrews, and a shorter miniscrew can provide more treatment
options. Previous studies [10,11] have reported that there is no direct correlation between the length
of a miniscrew and the success rate, but compromised mechanical performance may pose a risk [8].
However, most previous studies have employed miniscrews larger than 6 mm. Therefore, an in vitro
study is necessary to evaluate the effect of the length of miniscrews when the insertion depth is less than
6 mm, which can then provide a basis for subsequent clinical studies. Polyurethane foam is one of the
substrates often used to simulate human cortical bone and cancellous bone [12–14]. In biomechanical
experiments, polyurethane foam can maintain homogeneity and consistency, which assists with the
elimination of bias caused by other factors and exhibits stress–strain behavior similar to that of human
bone, making it suitable for preclinical evaluation of miniscrews [12].

This study aimed to evaluate the primary stability of miniscrews shorter than 6 mm (3, 4, 5,
and 6 mm) by changing the intrabony miniscrew length. The feasibility of the short miniscrews was
assessed in artificial bones of different densities, which represented human alveolar bone. The null
hypothesis was that there is no difference in primary stability between miniscrews shorter than 6 mm
at different cortical bone densities.

2. Materials and Methods

2.1. Materials

Cylindrical-type orthodontic titanium miniscrews were used with no surface treatment
(machined surface, OSSH1810, Osstem Implant, Busan, Korea) and a diameter, pitch, length, and head
height of 1.8, 0.7, 10, and 1.95 mm, respectively (Figure 1A). According to standard procedure
(ASTM F-1839-08), polyurethane foam blocks (Sawbone, Division of Pacific Research Laboratories,
Inc., Vashon, WA, USA) with densities of 20, 30, 40, and 50 pounds per cubic foot (pcf)—equivalent
to densities ranging from 0.32–0.80 g/cc—were used to represent cancellous bone and cortical bone
(Table 1). This range of densities correlates with the human maxillary cortical bone density (ranging from
0.31–1.11 g/cc) reported by Devlin et al. [15] and the human mandibular bone density (average 0.664 g/cc)
reported by Kido et al. [16]. The porosity of the polyurethane foam blocks was measured via
micro-computed tomography (CT) (SkyScan 1076, Kontich, Belgium) (Figure 2). According to previous
studies [14,17,18], the artificial bone comprised a 2 mm layer of higher density (30, 40, and 50 pcf)
polyurethane foam representing cortical bone, and a 20 mm layer of lower density (20 pcf) polyurethane
foam representing cancellous bone (Figure 1B). Miniscrews were implanted into the artificial bone at
different depths (3, 4, 5, and 6 mm) (Figure 1C) using an automatic torque device (Admet eXpert8600,
ADMET, Norwood, MA, USA) to control the insertion depth [19].

2.2. Torque

Torque testing was conducted according to a previously reported procedure [18,20]. The artificial
bone was fixed with a metal clamp, and the miniscrews (n = 6) were implanted in a clockwise manner
using an automatic torque device (Admet eXpert8600, ADMET, Norwood, MA, USA) with a self-drilling
system at 5 rpm according to ASTM F-1839-08. The implantation depth (3, 4, 5, and 6 cm) was controlled
by a supporting software (GaugeSafe software, ADMET, Norwood, MA, USA). Removal was performed
in a counterclockwise manner at 5 rpm. The torque was measured every second during implantation
and removal using the supporting software, and the maximum insertion torque (MIT) and maximum
removal torque (MRT) were recorded.
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Figure 1. (A) Schematic diagram of the miniscrew, where diameter (D) = 1.8 mm and length (L) = 10 
mm. Digital photographs of (B) an artificial bone block, and (C) miniscrews inserted at different 
intrabony lengths. 

Table 1. Mechanical properties of the polyurethane foam bone blocks with different densities. 

Density Compression Tension 
pcf (g/cc) Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa) 
20 0.32 8.4 210 5.6 284 
30 0.48 18 445 12 592 
40 0.64 31 759 19 1000 
50 0.80 48 1148 27 1469 
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Figure 1. (A) Schematic diagram of the miniscrew, where diameter (D) = 1.8 mm and length
(L) = 10 mm. Digital photographs of (B) an artificial bone block, and (C) miniscrews inserted at
different intrabony lengths.

Table 1. Mechanical properties of the polyurethane foam bone blocks with different densities.

Density Compression Tension

pcf (g/cc) Strength
(MPa)

Modulus
(MPa)

Strength
(MPa)

Modulus
(MPa)

20 0.32 8.4 210 5.6 284
30 0.48 18 445 12 592
40 0.64 31 759 19 1000
50 0.80 48 1148 27 1469

Materials 2020, 13, x FOR PEER REVIEW 3 of 13 

 

 
Figure 1. (A) Schematic diagram of the miniscrew, where diameter (D) = 1.8 mm and length (L) = 10 
mm. Digital photographs of (B) an artificial bone block, and (C) miniscrews inserted at different 
intrabony lengths. 

Table 1. Mechanical properties of the polyurethane foam bone blocks with different densities. 

Density Compression Tension 
pcf (g/cc) Strength (MPa) Modulus (MPa) Strength (MPa) Modulus (MPa) 
20 0.32 8.4 210 5.6 284 
30 0.48 18 445 12 592 
40 0.64 31 759 19 1000 
50 0.80 48 1148 27 1469 

 
Figure 2. Porosity of the polyurethane foam blocks with different densities. 

2.2. Torque 

Torque testing was conducted according to a previously reported procedure [18,20]. The 
artificial bone was fixed with a metal clamp, and the miniscrews (n = 6) were implanted in a clockwise 
manner using an automatic torque device (Admet eXpert8600, ADMET, Norwood, MA, USA) with a 
self-drilling system at 5 rpm according to ASTM F-1839-08. The implantation depth (3, 4, 5, and 6 cm) 
was controlled by a supporting software (GaugeSafe software, ADMET, Norwood, MA, USA). 

Figure 2. Porosity of the polyurethane foam blocks with different densities.

2.3. Removal Angular Momentum

The removal angular momentum (RAM) was evaluated to determine the energy required to
remove the miniscrews [21] (n = 6). Angular momentum (Ncm·s) was calculated by integrating the
torque over the first 12 s (one rotation) of removal.
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2.4. Horizontal Resistance

Horizontal resistance was conducted according to a previously reported procedure [14,18].
A universal testing machine (Instron 5942, Instron, Norwood, MA, USA) was used to measure the
horizontal resistance, where the artificial bone was fixed with a metal clamp while a knife-like shear jig
applied a tangential load to the miniscrew (n = 6) at a crosshead speed of 1 mm/min (Figure 3). In the
current measurement, the loading position was selected to be the same position, close to the upper
part of the bone–miniscrew interface to minimize the deviation caused by the lever effect arising from
the variation in the length of the free part. The displacement of the miniscrew and the applied force
values were determined using supporting software (Bluehill 2, Instron Corporation; Norwood, MA,
USA). The force at 0.6 mm displacement was recorded.
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Figure 3. Digital photograph of the horizontal resistance test set-up.

2.5. Micromotion

Micromotion analysis was conducted according to a previously reported procedure [18].
The periotest value (PTV) tester (Medizintechnik Gulden, Modautal, Germany) and implant stability
tester (IST) (AnyCheck, Neo Biotech, Seoul, Korea) are two commercial hand-held micromotion
measurement devices that obtain micromotion data by repeatedly tapping the head of a miniscrew.
The artificial bone was fixed with a metal clamp, and the devices were set at a fixed distance from the
miniscrew (n = 6) surface, in a direction perpendicular to its long axis. In the current measurement,
the tapping position was selected to be the same position close to the upper part of the bone–miniscrew
interface to minimize the deviation caused by the lever effect arising from the variation in the length of
the free part. The devices were calibrated before each measurement according to the manufacturer’s
instructions [22]. Measurements were performed in triplicate, and the mean values have been reported.
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2.6. Statistical Analysis

All statistical analyses were conducted using IBM SPSS software (Version 25.0, IBM, Incheon, Korea).
One-way analysis of variance (ANOVA) with Tukey’s test was conducted, where a p-value of less than
0.05 was considered statistically significant.

3. Results

3.1. Torque

The insertion torque and intrabony length plots over time revealed that the insertion torque rose
slowly as the tip of the miniscrew was inserted into the cortical bone at the beginning of the implantation
(Figure 4). The insertion torque rose more quickly as the straight middle portion of the miniscrew
started to enter the bone. Once the tip portion had penetrated the cortical bone completely, and the
contact area between the bone and miniscrews remained constant, the insertion torque increased
slightly in low-density cortical bone and decreased slightly in the high-density samples. Furthermore,
the insertion time increased with increasing cortical bone density.

Materials 2020, 13, x FOR PEER REVIEW 5 of 13 

 

miniscrew interface to minimize the deviation caused by the lever effect arising from the variation in 
the length of the free part. The devices were calibrated before each measurement according to the 
manufacturer’s instructions [22]. Measurements were performed in triplicate, and the mean values 
have been reported. 

2.6. Statistical Analysis 

All statistical analyses were conducted using IBM SPSS software (Version 25.0, IBM, Incheon 
Korea). One-way analysis of variance (ANOVA) with Tukey’s test was conducted, where a p-value 
of less than 0.05 was considered statistically significant. 

3. Results 

3.1. Torque 

The insertion torque and intrabony length plots over time revealed that the insertion torque rose 
slowly as the tip of the miniscrew was inserted into the cortical bone at the beginning of the 
implantation (Figure 4). The insertion torque rose more quickly as the straight middle portion of the 
miniscrew started to enter the bone. Once the tip portion had penetrated the cortical bone completely, 
and the contact area between the bone and miniscrews remained constant, the insertion torque 
increased slightly in low-density cortical bone and decreased slightly in the high-density samples. 
Furthermore, the insertion time increased with increasing cortical bone density. 

 
Figure 4. Position and insertion torque (IT) during insertion of the miniscrews into (A) 30, (B) 40, and 
(C) 50 pcf artificial cortical bone. 

The MIT value of different intrabony lengths (3, 4, 5, and 6 mm) was 5.37 ± 0.39, 6.33 ± 0.54, 6.97 
± 0.50, and 7.47 ± 0.46 Ncm for 30 pcf groups; 8.37 ± 0.54, 9.62 ± 0.56, 9.27 ± 0.39, and 9.67 ± 0.59 Ncm 
for 40 pcf groups; 13.05 ± 0.45, 13.85 ± 0.50, 14.03 ± 0.60, and 14.13 ± 0.58 Ncm for 50 pcf groups, 
respectively (Figure 5A). The MRT value of different intrabony lengths (3, 4, 5, and 6 mm) was 4.00 ± 
0.26, 5.87 ± 0.70, 6.63 ± 0.29, and 7.52 ± 0.39 Ncm for 30 pcf groups; 6.41 ± 0.50, 8.77 ± 0.27, 9.21 ± 0.42, 
and 10.12 ± 0.39 Ncm for 40 pcf groups; 11.30 ± 0.65, 13.80 ± 0.35, 14.15 ± 0.56, and 14.85 ± 0.42 Ncm 
for 50 pcf groups, respectively (Figure 5B). The MIT and MRT values of the miniscrews at the various 
intrabony lengths were higher in the denser cortical bone, thereby demonstrating that the torque was 
readily affected by the cortical bone density (p < 0.05). The MIT and MRT values of the miniscrews in 
30 pcf cortical bone increased with an increasing intrabony length. A similar trend was observed in 
the MRTs of the 40 and 50 pcf groups, while there was no significant difference between the MIT 
values at 4, 5, and 6 mm (p < 0.05). 

Figure 4. Position and insertion torque (IT) during insertion of the miniscrews into (A) 30, (B) 40,
and (C) 50 pcf artificial cortical bone.

The MIT value of different intrabony lengths (3, 4, 5, and 6 mm) was 5.37 ± 0.39, 6.33 ± 0.54,
6.97 ± 0.50, and 7.47 ± 0.46 Ncm for 30 pcf groups; 8.37 ± 0.54, 9.62 ± 0.56, 9.27 ± 0.39, and 9.67 ± 0.59
Ncm for 40 pcf groups; 13.05 ± 0.45, 13.85 ± 0.50, 14.03 ± 0.60, and 14.13 ± 0.58 Ncm for 50 pcf groups,
respectively (Figure 5A). The MRT value of different intrabony lengths (3, 4, 5, and 6 mm) was 4.00 ± 0.26,
5.87 ± 0.70, 6.63 ± 0.29, and 7.52 ± 0.39 Ncm for 30 pcf groups; 6.41 ± 0.50, 8.77 ± 0.27, 9.21 ± 0.42,
and 10.12 ± 0.39 Ncm for 40 pcf groups; 11.30 ± 0.65, 13.80 ± 0.35, 14.15 ± 0.56, and 14.85 ± 0.42 Ncm
for 50 pcf groups, respectively (Figure 5B). The MIT and MRT values of the miniscrews at the various
intrabony lengths were higher in the denser cortical bone, thereby demonstrating that the torque was
readily affected by the cortical bone density (p < 0.05). The MIT and MRT values of the miniscrews in
30 pcf cortical bone increased with an increasing intrabony length. A similar trend was observed in the
MRTs of the 40 and 50 pcf groups, while there was no significant difference between the MIT values at
4, 5, and 6 mm (p < 0.05).

3.2. Removal Angular Momentum

The removal torque plot over time was smoother during removal from high-density cortical bone,
indicating that the removal torque decreased at a slower rate compared to the low-density samples
(Figure 6). As the intrabony length was increased at a specific cortical bone density, the removal
torque curve decreased slowly. Furthermore, the removal torque dropped rapidly at an intrabony
length of 3 mm.
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Figure 5. (A) Maximum insertion torque (MIT) and (B) maximum removal torque (MRT) of the
miniscrews at various intrabony lengths in cortical bone of different densities. Different uppercase
letters indicate a significant difference between the miniscrews inserted into cortical bone of various
densities (p < 0.05), while different lowercase letters indicate a significant difference between the
miniscrews at the various intrabony lengths (p < 0.05).
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Figure 6. Removal torque values of time in (A) 30, (B) 40, and (C) 50 pcf cortical bone.

The RAM over the first rotation during removal (0–12 s) was calculated by integrating the
torque over time (Figure 7A). The RAM value of different intrabony lengths (3, 4, 5, and 6 mm)
was 19.19 ± 2.17, 45.45 ± 2.76, 63.02 ± 3.89, and 75.19 ± 2.84 Ncm·s for 30 pcf groups; 29.22 ± 2.28,
70.45 ± 4.85, 91.36 ± 4.00, and 103.42 ± 3.29 Ncm·s for 40 pcf groups; 59.67 ± 2.95, 124.13 ± 12.83,
144.64 ± 3.18, and 153.67 ± 2.73 Ncm·s for 50 pcf groups, respectively (Figure 7B). The energy required
to remove a miniscrew from the high-density cortical bone was significantly higher than from the
low-density samples (p < 0.05). The RAM at different intrabony lengths also varied significantly among
the samples at a specific density (p < 0.05).



Materials 2020, 13, 5615 7 of 13
Materials 2020, 13, x FOR PEER REVIEW 7 of 13 

 

 
Figure 7. (A) Removal torque over time with removal angular momentum (blue). (B) Removal angular 
momentum (RAM) of miniscrews at different intrabony lengths in varying cortical bone densities. 
Different uppercase letters indicate a significant difference between the miniscrews inserted into 
cortical bone of various densities (p < 0.05), while different lowercase letters indicate a significant 
difference between the miniscrews at the various intrabony lengths (p < 0.05). 

3.3. Horizontal Resistance 

The horizontal force was plotted against the deflection distance (Figure 8A), where the 
horizontal forces at a deflection of 0.6 mm were compared (Figure 8B). The horizontal force value of 
different intrabony lengths (3, 4, 5, and 6 mm) was 37.80 ± 4.36, 42.11 ± 2.21, 64.68 ± 5.65, and 79.18 ± 
5.47 N for 30 pcf groups; 47.63 ± 7.58, 70.86 ± 4.43, 101.28 ± 16.59, and 94.21 ± 9.36 N for 40 pcf groups; 
77.24 ± 15.45, 92.61 ± 10.44, 131.02 ± 9.77, and 130.50 ± 13.87 N for 50 pcf groups, respectively (Figure 
8B). The miniscrews in high-density cortical bone exhibited a higher horizontal resistance compared 
to those in low-density bone (p < 0.05). Furthermore, the horizontal resistance increased with an 
increasing intrabony length at a lower density of 30 pcf, while no significant difference was observed 
between the miniscrews at an intrabony length of 5 and 6 mm in the 40 and 50 pcf cortical bone (p < 
0.05). 

 
Figure 8. Horizontal resistance represented as (A) horizontal force versus deflection distance and (B) 
horizontal force values at 0.6 mm deflection. Different uppercase letters indicate a significant 
difference between the miniscrews inserted into cortical bone of various densities (p < 0.05), while 
different lowercase letters indicate a significant difference between the miniscrews at the various 
intrabony lengths (p < 0.05). 

  

Figure 7. (A) Removal torque over time with removal angular momentum (blue). (B) Removal angular
momentum (RAM) of miniscrews at different intrabony lengths in varying cortical bone densities.
Different uppercase letters indicate a significant difference between the miniscrews inserted into cortical
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3.3. Horizontal Resistance

The horizontal force was plotted against the deflection distance (Figure 8A), where the horizontal
forces at a deflection of 0.6 mm were compared (Figure 8B). The horizontal force value of different
intrabony lengths (3, 4, 5, and 6 mm) was 37.80 ± 4.36, 42.11 ± 2.21, 64.68 ± 5.65, and 79.18 ± 5.47 N
for 30 pcf groups; 47.63 ± 7.58, 70.86 ± 4.43, 101.28 ± 16.59, and 94.21 ± 9.36 N for 40 pcf groups;
77.24 ± 15.45, 92.61± 10.44, 131.02± 9.77, and 130.50± 13.87 N for 50 pcf groups, respectively (Figure 8B).
The miniscrews in high-density cortical bone exhibited a higher horizontal resistance compared to those
in low-density bone (p < 0.05). Furthermore, the horizontal resistance increased with an increasing
intrabony length at a lower density of 30 pcf, while no significant difference was observed between the
miniscrews at an intrabony length of 5 and 6 mm in the 40 and 50 pcf cortical bone (p < 0.05).
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Figure 8. Horizontal resistance represented as (A) horizontal force versus deflection distance and
(B) horizontal force values at 0.6 mm deflection. Different uppercase letters indicate a significant
difference between the miniscrews inserted into cortical bone of various densities (p < 0.05), while
different lowercase letters indicate a significant difference between the miniscrews at the various
intrabony lengths (p < 0.05).

3.4. Micromotion

PTV and IST are commonly used to evaluate micromotion, where a previous report [22] has stated
that a lower PTV is indicative of less micromotion and is thus a marker of higher primary stability.
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Furthermore, a higher IST value is indicative of higher primary stability. The PTV value of different
intrabony lengths (3, 4, 5, and 6 mm) was 11.41 ± 1.59, 9.22 ± 1.52, 7.58 ± 1.17, and 7.09 ± 0.83 for 30 pcf
groups; 9.26 ± 0.92, 6.94 ± 0.47, 6.31 ± 0.87, and 6.44 ± 1.25 for 40 pcf groups; 5.64 ± 1.04, 5.15 ± 0.66,
4.66 ± 0.29, and 4.74 ± 1.31 for 50 pcf groups, respectively (Figure 9A). The IST value of different
intrabony lengths (3, 4, 5, and 6 mm) was 49.92 ± 0.58, 51.42 ± 1.11, 52.17 ± 1.89, and 52.08 ± 0.66 for
30 pcf groups; 51.67 ± 1.17, 53.92 ± 1.11, 54.00 ± 0.55, and 53.67 ± 1.57 for 40 pcf groups; 55.00 ± 1.48,
55.00 ± 0.63, 56.17 ± 0.98, and 56.08 ± 1.32 for 50 pcf groups, respectively (Figure 9B). The PTV and IST
values revealed that micromotion in the high-density cortical bone was lower than that in low-density
samples (p < 0.05). The miniscrews with a longer intrabony length exhibited less micromotion in the
low-density cortical bone, but there was no significant difference between the miniscrews at different
intrabony lengths in the high-density cortical bone (50 pcf) (p < 0.05).
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between the miniscrews at the various intrabony lengths (p < 0.05).

4. Discussion

The widespread use of miniscrews in orthodontic treatment has been accompanied by a continued
improvement in success rate and stability, as innovative materials and designs are introduced [5,23].
However, miniscrews are still associated with a failure rate of 13.5 to 14% [4]. Adequate primary
stability is indicative of stronger miniscrew–bone integration, which is beneficial for tissue regeneration
to form substantial secondary stability [4]. The primary stability of a miniscrew is related to its
geometric design (i.e., diameter, length, and thread form), as well as bone quality, periodontal tissue
inflammation, and operation skills [24]. However, the effect of the miniscrew length on primary stability
remains unknown. Previous studies have reported that the bone quality, implant site preparation,
and miniscrew diameter have a more significant effect on primary stability than miniscrew length [25–28].
In clinical treatment, longer miniscrews are associated with a higher risk of proximity to the roots,
damage to adjacent tissues, and even bicortical sinus perforations [29]. Thus, shorter miniscrews
are advantageous, especially when implanted in the narrow space of the interseptum of the alveolar
bone (e.g., posterior molar region of the mandible) [8]. However, most previous reports state that
the miniscrew length had no significant effect on the success rate at lengths longer than 6 mm.
Suzuki et al. [8] reported that miniscrews with a length of 5 mm were associated with a higher
failure rate than longer miniscrews. As most previous studies focused on clinical studies with many
other variables, this study evaluated miniscrews in in vitro experiments under variable controllable
conditions to provide more information on this issue.

One of the limitations of this study was the difficulty in the commercial purchase of miniscrews
with a length of less than 5 mm. However, to minimize the deviation caused by the lever effect while
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measuring the micromotion and horizontal resistance, both the tapping and pressing positions were
selected to be close to the upper part of the bone–miniscrew interface.

Human alveolar bone comprises denser cortical bone and a relatively soft and porous cancellous
bone. Bone quality and porosity differ among patients, while the cortical bone density varies along the
vertical skeletal facial profile and in different locations [30]. In the present study, a range of implant
environments was simulated by producing artificial bone samples to represent different cortical bone
densities. The use of artificial bone can minimize the bias associated with uneven density and thickness
and avoids the gradual change in the bone quality of human cadavers and fresh animal bones [31].
Unfortunately, there is no recognized benchmark for selecting substitute materials for alveolar bone
for in vitro study. Although polyurethane foam blocks are similar to human bone in terms of density
and stress–strain behavior, their porous structure and lower mechanical properties result in a lower
thrust and torque during drilling compared with human or animal bone [32–34].

The MIT values were generally affected by both the intrabony length and cortical bone density
(Figure 5A). However, the intrabony length had less of an effect in more dense cortical bone, where no
significant differences were observed between the 4, 5, and 6 mm samples in the 40 and 50 pcf bone.
Once the tip of the miniscrew had completely penetrated the cortical bone, there was a slight increase in
the MIT values during insertion into 30 pcf cortical bone density, while the values remained relatively
constant in the higher density bone (Figure 4). Although most previous studies have reported that
cortical bone is a key factor affecting primary stability, Marquezan et al. [35] reported that cancellous
bone also has an effect. The insertion torque during implantation is affected by several factors attributed
to either the cortical bone or the cancellous bone. The contact area between the cancellous bone and
miniscrew increased with increasing intrabony length, resulting in an increase in torque. However,
wear of cortical bone during implantation at a specific contact area between the cortical bone and
miniscrews leads to a decrease in insertion torque. The cancellous bone had a more significant impact
on MIT in the lower density bone samples, indicating an increase in insertion torque. However,
the denser cortical bone exhibited a decrease in MIT value that was equivalent to the increase observed
in the cancellous bone, resulting in a stable insertion torque.

Micromotion has become one of the most trusted methods for evaluating primary stability in recent
years [12,17,36]. Miniscrew micromotion profoundly affects bone regeneration [17], where a small
degree of micromotion is vital for active bone reconstruction. Micromotion measuring devices, such as
PTV and IST, are portable and easy to operate, allowing simultaneous measurement of micromotion
during treatment, leading to their rapid promotion in the field of oral treatment. The evaluation of the
micromotion revealed a similar trend to the insertion torque (Figure 9), where the intrabony length
had a more significant effect on the low-density cortical bone samples than those with a higher density.
A large degree of micromotion can destroy the tissue between the bone and miniscrew, as osteoclasts
tend to occupy the space, which can interfere with bone reconstruction and compromise the stability [37].
Hand-held micromotion measurement devices such as PTV and IST are portable and easy to use
and have become popular tools for the evaluation of miniscrew micromotion. Previous research
has indicated that micromotion is affected by the cortical bone density and porosity, which supports
the findings of the current study [18]. However, the accuracy of these non-invasive easy-to-operate
methods for evaluating primary stability is still debated [17,31].

Horizontal resistance is known to affect primary stability, where a miniscrew displacement larger
than 0.6 mm is indicative of failure risk in clinical treatment [38]. Some studies have demonstrated that
the application of a continuous horizontal load to a miniscrew leads to a maximum stress concentrated
around the neck of the bone–miniscrew interface [39,40]. The difference in the density of cortical and
cancellous bone allows for horizontal traction to produce a moment with the bottom of the cortical
bone as the fulcrum. This leads to a tilting of the miniscrew. Therefore, the horizontal resistance is
affected by the cortical bone, cancellous bone, and intrabony length. Extension of the force arm on the
load side leads to a lower horizontal resistance, where the displacement of the miniscrew is dependent
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on the elastic deformation of the miniscrew itself and changes in the neck area of the cortical bone
when the arm on the cancellous bone side is longer [18].

The MRT results exhibited a different trend, where the intrabony length affected all samples,
including the high-density cortical bone group (11.30 ± 0.65, 13.80 ± 0.35, 14.15 ± 0.56, and 14.85 ± 0.42
Ncm for 3, 4, 5, and 6 mm intrabony lengths, respectively, p < 0.05) (Figure 5B). Thus, the cancellous
bone led to resistance during removal, which was confirmed by the resulting removal torque curve
and RAM results (Figure 7B). Regardless of the cortical bone density, the rate at which the removal
torque decreased dropped significantly as the intrabony length increased. Thus, RAM was found to be
more significantly affected by the intrabony length than MIT and MRT (Figure 7B). More energy was
consumed during the first rotation of the miniscrew removal when the intrabony length was longer,
which was accompanied by a higher remaining torque compared to the miniscrews with a shorter
intrabony length. A continuous counterclockwise orthodontic force and moment is applied to loosen
the miniscrews during clinical treatment [41]. Therefore, the success of miniscrew implantation relies
on providing high resistance to maintain a higher torque. MIT and MRT represent instantaneous
states, while RAM is a more reliable indicator of success, as it represents the energy consumed over a
period of time. This also explains why shorter miniscrews in clinical treatments exhibit similar values
to longer miniscrews during stability testing (e.g., MIT and micromotion) but are associated with a
higher failure rate [8].

The 3 mm intrabony length miniscrews exhibited a significantly lower stability than the other
groups throughout testing. The tip of the miniscrews did not completely penetrate the cortical
bone when the implantation depth was only 3 mm, which led to a significantly lower bone–implant
area compared to the other groups. This affected the stability and success rate of the miniscrews.
The miniscrews with intrabony lengths of 5 and 6 mm exhibited similar performance in most tests,
with the exception of RAM. This demonstrated the application potential of slightly shorter miniscrews
(5 mm) in cases with lower traction, lower muscle activity, and higher cortical bone density. Furthermore,
the use of even shorter miniscrews (3 mm) could be realized by shortening the length of the tip while
maintaining the penetration ability.

Artificial bone was used in this study to control the variables and ensure the consistency of
the results. However, the physical integrity and chemical composition were quite different from
those of human bones. Furthermore, artificial bone cannot simulate the biological response of bones
to torque and thermal changes. Moreover, with in vitro experiments, the implantation method,
rotation speed, and environmental temperature are relatively different from the conditions involved in
clinical treatment. Therefore, the significance of these results is to provide essential data for clinical
research, and our findings should not be regarded as a benchmark. It is recommended that these
findings be validated in further ex vivo or in vivo studies.

5. Conclusions

This study demonstrated that the primary stability of miniscrews was affected by both the cortical
bone density and intrabony length, where the influence of the intrabony length was more pronounced
at lower cortical bone densities. Regardless of the cortical bone density, more energy was required
to remove the miniscrews as the implantation depth increased, indicating higher resistance and less
risk of falling out. However, the artificial bone used in this study provided a limited simulation of the
complex bone environment, and further research is recommended.

Author Contributions: Conceptualization, J.J., S.-H.C.; data curation, J.J.; formal analysis, J.J.; funding acquisition,
S.-H.C.; investigation, J.J.; methodology, J.J., G.-T.K., J.-S.K.; project administration, S.-H.C.; resources,
S.-H.C., J.-S.K.; supervision, S.-H.C.; validation, J.-S.K., S.-H.C.; visualization, J.J.; writing—original draft, J.J.;
writing—review and editing, S.-H.C. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Basic Science Research Program through the National Research
Foundation of Korea (NRF) funded by the Ministry of Science, ICT, and Future Planning (NRF-2018R1C1B6000989)
and was supported by the Korea Medical Device Development Fund grant funded by the Korea government



Materials 2020, 13, 5615 11 of 13

(the Ministry of Science and ICT, the Ministry of Trade, Industry and Energy, the Ministry of Health and Welfare,
Republic of Korea, the Ministry of Food and Drug Safety) (Project Number: 202011D04).

Acknowledgments: The authors gratefully acknowledge financial support from the China Scholarship Council.

Conflicts of Interest: The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References

1. Bourassa, C.; Hosein, Y.K.; Pollmann, S.I.; Galil, K.; Bohay, R.N.; Holdsworth, D.W.; Tassi, A. In vitro
comparison of different palatal sites for orthodontic miniscrew insertion: Effect of bone quality and quantity
on primary stability. Am. J. Orthod. Dentofac. Orthop. 2018, 154, 809–819. [CrossRef] [PubMed]

2. Motoyoshi, M.; Hirabayashi, M.; Uemura, M.; Shimizu, N. Recommended placement torque when tightening
an orthodontic mini-implant. Clin. Oral Implant. Res. 2006, 17, 109–114. [CrossRef] [PubMed]

3. Park, H.S.; Jeong, S.H.; Kwon, O.W. Factors affecting the clinical success of screw implants used as orthodontic
anchorage. Am. J. Orthod. Dentofac. Orthop. 2006, 130, 18–25. [CrossRef] [PubMed]

4. Choi, S.H.; Hwang, C.J. Factors Affecting the Failure of TADs and Efforts to Improve the Biomechanical
Stability of TADs. Tempor. Anchorage Devices Clin. Orthod. 2020, 61–67. [CrossRef]

5. Migliorati, M.; Benedicenti, S.; Signori, A.; Drago, S.; Barberis, F.; Tournier, H.; Silvestrini-Biavati, A.
Miniscrew design and bone characteristics: An experimental study of primary stability. Am. J. Orthod.
Dentofac. Orthop. 2012, 142, 228–234. [CrossRef]

6. Huja, S.S.; Katona, T.R.; Burr, D.B.; Garetto, L.P.; Roberts, W.E. Microdamage adjacent to endosseous implants.
Bone 1999, 25, 217–222. [CrossRef]

7. Martin, R.B. Fatigue microdamage as an essential element of bone mechanics and biology. Calcif. Tissue Int.
2003, 73, 101–107. [CrossRef]

8. Suzuki, M.; Deguchi, T.; Watanabe, H.; Seiryu, M.; Iikubo, M.; Sasano, T.; Fujiyama, K.; Takano-Yamamoto, T.
Evaluation of optimal length and insertion torque for miniscrews. Am. J. Orthod. Dentofac. Orthop. 2013,
144, 251–259. [CrossRef]

9. Lee, K.J.; Joo, E.; Kim, K.D.; Lee, J.S.; Park, Y.C.; Yu, H.S. Computed tomographic analysis of tooth-bearing
alveolar bone for orthodontic miniscrew placement. Am. J. Orthod. Dentofac. Orthop. 2009, 135, 486–494.
[CrossRef]

10. Kuroda, S.; Sugawara, Y.; Deguchi, T.; Kyung, H.M.; Takano-Yamamoto, T. Clinical use of miniscrew implants
as orthodontic anchorage: Success rates and postoperative discomfort. Am. J. Orthod. Dentofac. Orthop. 2007,
131, 9–15. [CrossRef]

11. Lim, H.J.; Choi, Y.J.; Evans, C.A.; Hwang, H.S. Predictors of initial stability of orthodontic miniscrew implants.
Eur. J. Orthod. 2011, 33, 528–532. [CrossRef] [PubMed]

12. Calvert, K.L.; Trumble, K.P.; Webster, T.J.; Kirkpatrick, L.A. Characterization of commercial rigid polyurethane
foams used as bone analogs for implant testing. J. Mater. Sci. Mater. Med. 2010, 21, 1453–1461. [CrossRef]
[PubMed]

13. Chung, C.J.; Jung, K.Y.; Choi, Y.J.; Kim, K.H. Biomechanical characteristics and reinsertion guidelines for
retrieved orthodontic miniscrews. Angle Orthod. 2014, 84, 878–884. [CrossRef] [PubMed]

14. Hergel, C.A.; Acar, Y.B.; Ates, M.; Kucukkeles, N. In vitro evaluation of the effects of insertion and sterilization
procedures on the mechanical and surface characteristics of mini screws. Eur. Oral Res. 2019, 53, 25–31.
[CrossRef]

15. Devlin, H.; Horner, K.; Ledgerton, D. A comparison of maxillary and mandibular bone mineral densities.
J. Prosthet. Dent. 1998, 79, 323–327. [CrossRef]

16. Kido, H.; Schulz, E.E.; Kumar, A.; Lozada, J.; Saha, S. Implant diameter and bone density: Effect on initial
stability and pull-out resistance. J. Oral Implantol. 1997, 23, 163–169.

17. Eliades, T.; Zinelis, S.; Papadopoulos, M.A.; Eliades, G. Characterization of retrieved orthodontic miniscrew
implants. Am. J. Orthod. Dentofac. Orthop. 2009, 135, 10–17.e11. [CrossRef]

18. Kim, G.T.; Jin, J.; Mangal, U.; Lee, K.J.; Kim, K.M.; Choi, S.H.; Kwon, J.S. Primary Stability of Orthodontic
Titanium Miniscrews due to Cortical Bone Density and Re-Insertion. Materials 2020, 13, 4433. [CrossRef]

http://dx.doi.org/10.1016/j.ajodo.2018.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30477779
http://dx.doi.org/10.1111/j.1600-0501.2005.01211.x
http://www.ncbi.nlm.nih.gov/pubmed/16441792
http://dx.doi.org/10.1016/j.ajodo.2004.11.032
http://www.ncbi.nlm.nih.gov/pubmed/16849067
http://dx.doi.org/10.1002/9781119513636.ch7
http://dx.doi.org/10.1016/j.ajodo.2012.03.029
http://dx.doi.org/10.1016/S8756-3282(99)00151-9
http://dx.doi.org/10.1007/s00223-002-1059-9
http://dx.doi.org/10.1016/j.ajodo.2013.03.021
http://dx.doi.org/10.1016/j.ajodo.2007.05.019
http://dx.doi.org/10.1016/j.ajodo.2005.02.032
http://dx.doi.org/10.1093/ejo/cjq122
http://www.ncbi.nlm.nih.gov/pubmed/21228119
http://dx.doi.org/10.1007/s10856-010-4024-6
http://www.ncbi.nlm.nih.gov/pubmed/20162325
http://dx.doi.org/10.2319/092613-703.1
http://www.ncbi.nlm.nih.gov/pubmed/24575952
http://dx.doi.org/10.26650/eor.20197993
http://dx.doi.org/10.1016/S0022-3913(98)70245-8
http://dx.doi.org/10.1016/j.ajodo.2008.09.018
http://dx.doi.org/10.3390/ma13194433


Materials 2020, 13, 5615 12 of 13

19. Nienkemper, M.; Santel, N.; Honscheid, R.; Drescher, D. Orthodontic mini-implant stability at different
insertion depths: Sensitivity of three stability measurement methods. J. Orofac. Orthop. 2016, 77, 296–303.
[CrossRef]

20. Kang, S.-Y.; Yu, J.-M.; Kim, H.-S.; Lee, J.-S.; Yeon, C.-M.; Park, K.-S.; Choi, S.-H.; Lee, S.-Y. Influence of
Orthodontic Anchor Screw Anchorage Method on the Stability of Artificial Bone: An In vitro Study. Materials
2020, 13, 3205. [CrossRef]

21. Yu, J.-H. Mechanical effects of micro-thread orthodontic mini-screw design on artificial cortical bone. J. Med.
Biol. Eng. 2014, 34, 49–55. [CrossRef]

22. Lee, J.; Pyo, S.W.; Cho, H.J.; An, J.S.; Lee, J.H.; Koo, K.T.; Lee, Y.M. Comparison of implant stability
measurements between a resonance frequency analysis device and a modified damping capacity analysis
device: An in vitro study. J. Periodontal. Implant. Sci. 2020, 50, 56–66. [CrossRef] [PubMed]

23. Choi, S.H.; Cha, J.Y.; Joo, U.H.; Hwang, C.J. Surface changes of anodic oxidized orthodontic titanium
miniscrew. Angle Orthod. 2012, 82, 522–528. [CrossRef] [PubMed]

24. Lim, S.A.; Cha, J.Y.; Hwang, C.J. Insertion torque of orthodontic miniscrews according to changes in shape,
diameter and length. Angle Orthod. 2008, 78, 234–240. [CrossRef] [PubMed]

25. Miyamoto, I.; Tsuboi, Y.; Wada, E.; Suwa, H.; Iizuka, T. Influence of cortical bone thickness and implant
length on implant stability at the time of surgery—Clinical, prospective, biomechanical, and imaging study.
Bone 2005, 37, 776–780. [CrossRef]

26. Miyawaki, S.; Koyama, I.; Inoue, M.; Mishima, K.; Sugahara, T.; Takano-Yamamoto, T. Factors associated
with the stability of titanium screws placed in the posterior region for orthodontic anchorage. Am. J. Orthod.
Dentofac. Orthop. 2003, 124, 373–378. [CrossRef]

27. Wilmes, B.; Ottenstreuer, S.; Su, Y.Y.; Drescher, D. Impact of implant design on primary stability of orthodontic
mini-implants. J. Orofac. Orthop. 2008, 69, 42–50. [CrossRef]

28. Wilmes, B.; Rademacher, C.; Olthoff, G.; Drescher, D. Parameters affecting primary stability of orthodontic
mini-implants. J. Orofac. Orthop. 2006, 67, 162–174. [CrossRef]

29. Baumgaertel, S.; Hans, M.G. Assessment of infrazygomatic bone depth for mini-screw insertion. Clin. Oral
Implant. Res. 2009, 20, 638–642. [CrossRef]

30. Al Maaitah, E.F.; Safi, A.A.; Abdelhafez, R.S. Alveolar bone density changes around miniscrews: A prospective
clinical study. Am. J. Orthod. Dentofac. Orthop. 2012, 142, 758–767. [CrossRef]

31. Tepedino, M.; Masedu, F.; Chimenti, C. Comparative evaluation of insertion torque and mechanical stability
for self-tapping and self-drilling orthodontic miniscrews—An in vitro study. Head Face Med. 2017, 13, 10.
[CrossRef] [PubMed]

32. Feldmann, A.; Schweizer, M.; Stucki, S.; Nolte, L. Experimental evaluation of cortical bone substitute materials
for tool development, surgical training and drill bit wear investigations. Med. Eng. Phys. 2019, 66, 107–112.
[CrossRef] [PubMed]

33. Hsu, J.T.; Fuh, L.J.; Tu, M.G.; Li, Y.F.; Chen, K.T.; Huang, H.L. The effects of cortical bone thickness and
trabecular bone strength on noninvasive measures of the implant primary stability using synthetic bone
models. Clin. Implant. Dent. Relat. Res. 2013, 15, 251–261. [CrossRef]

34. Lettry, S.; Seedhom, B.B.; Berry, E.; Cuppone, M. Quality assessment of the cortical bone of the human
mandible. Bone 2003, 32, 35–44. [CrossRef]

35. Marquezan, M.; Lima, I.; Lopes, R.T.; Sant’Anna, E.F.; de Souza, M.M. Is trabecular bone related to primary
stability of miniscrews? Angle Orthod. 2014, 84, 500–507. [CrossRef]

36. Trisi, P.; Perfetti, G.; Baldoni, E.; Berardi, D.; Colagiovanni, M.; Scogna, G. Implant micromotion is related to
peak insertion torque and bone density. Clin. Oral Implant. Res. 2009, 20, 467–471. [CrossRef] [PubMed]

37. Singh, S.; Mogra, S.; Shetty, V.S.; Shetty, S.; Philip, P. Three-dimensional finite element analysis of strength,
stability, and stress distribution in orthodontic anchorage: A conical, self-drilling miniscrew implant system.
Am. J. Orthod. Dentofac. Orthop. 2012, 141, 327–336. [CrossRef]

38. McManus, M.M.; Qian, F.; Grosland, N.M.; Marshall, S.D.; Southard, T.E. Effect of miniscrew placement
torque on resistance to miniscrew movement under load. Am. J. Orthod. Dentofac. Orthop. 2011, 140, e93–e98.
[CrossRef]

39. Dalstra, M.; Cattaneo, P.; Melsen, B.J.O. Load transfer of miniscrews for orthodontic anchorage. Orthodontics
2004, 1, 53–62.

http://dx.doi.org/10.1007/s00056-016-0036-2
http://dx.doi.org/10.3390/ma13143205
http://dx.doi.org/10.5405/jmbe.1132
http://dx.doi.org/10.5051/jpis.2020.50.1.56
http://www.ncbi.nlm.nih.gov/pubmed/32128274
http://dx.doi.org/10.2319/071311-448.1
http://www.ncbi.nlm.nih.gov/pubmed/22011095
http://dx.doi.org/10.2319/121206-507.1
http://www.ncbi.nlm.nih.gov/pubmed/18251617
http://dx.doi.org/10.1016/j.bone.2005.06.019
http://dx.doi.org/10.1016/S0889-5406(03)00565-1
http://dx.doi.org/10.1007/s00056-008-0727-4
http://dx.doi.org/10.1007/s00056-006-0611-z
http://dx.doi.org/10.1111/j.1600-0501.2008.01691.x
http://dx.doi.org/10.1016/j.ajodo.2012.07.013
http://dx.doi.org/10.1186/s13005-017-0143-3
http://www.ncbi.nlm.nih.gov/pubmed/28558821
http://dx.doi.org/10.1016/j.medengphy.2019.02.010
http://www.ncbi.nlm.nih.gov/pubmed/30850335
http://dx.doi.org/10.1111/j.1708-8208.2011.00349.x
http://dx.doi.org/10.1016/S8756-3282(02)00921-3
http://dx.doi.org/10.2319/052513-39.1
http://dx.doi.org/10.1111/j.1600-0501.2008.01679.x
http://www.ncbi.nlm.nih.gov/pubmed/19522976
http://dx.doi.org/10.1016/j.ajodo.2011.07.022
http://dx.doi.org/10.1016/j.ajodo.2011.04.017


Materials 2020, 13, 5615 13 of 13

40. Gallas, M.M.; Abeleira, M.T.; Fernández, J.R.; Burguera, M. Three-dimensional numerical simulation of
dental implants as orthodontic anchorage. Eur. J. Orthod. 2005, 27, 12–16. [CrossRef]

41. Chen, Y.J.; Chen, Y.H.; Lin, L.D.; Yao, C.C. Removal torque of miniscrews used for orthodontic anchorage—A
preliminary report. Int. J. Oral Maxillofac. Implant. 2006, 21, 283–289.

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1093/ejo/cjh066
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Torque 
	Removal Angular Momentum 
	Horizontal Resistance 
	Micromotion 
	Statistical Analysis 

	Results 
	Torque 
	Removal Angular Momentum 
	Horizontal Resistance 
	Micromotion 

	Discussion 
	Conclusions 
	References

